To be able to produce high quality paper there are a number of key points in the process that needs to be controlled well. One of these is the first step in the process where the pulp received from the pulp mill is fed into the paper process.
The paper describes the modelling and simulation of a loop for controlling the concentration of fibres in pulp. Real data have been recorded for such a loop.
The data show fluctuations in the fibre concentration measurements. The objective of the paper is to see if these fluctuations can be captured and reproduced by a nonlinear model of the loop. The model will include a description of friction in the control valve. Different friction models are investigated in order to determine what friction characteristics if any that are important for the recorded behaviour. For the modelling we have used OMOLA, an object-oriented modelling language, and for the simulations OMSIM, a simulating tool developed for use with OMOLA.
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To be able to produce high quality paper there are a number of key points in the process that needs to be controlled well. One of these is the first step in the process where the pulp received from the pulp mill is fed into the paper process.
The concentration of fibres in pulp is controlled by diluting the pulp with water. A fairly simple setup used in many paper mills is shown in Figure 1 . Pulp flowing through a pipe is diluted with water at the beginning of an enlargement of the pipe. The fibre concentration is measured at the downstream end of the enlargement. The controller in the loop is a pneumatic PI-controller, which supplies the reference value for the control valve. The control valve consists of a pneumatic positioner, a pneumatic actuator and a valve. In this particular control loop th concentration fluctuations. The fluc after some period o amplitude until th Maintenance has stopped and can with friction and ine if the observe a nonlinear mod tion in the contr to the problem.
Object-ariente
This section will give you straction, inheritance and model development as well is especially appealing w proach. Components are defined, consisting of an interior describing the behaviour and terminals describing; the interface between components. The components are then assembled to complex models. By inheritance, properties common to a group of related classes can be collected in a superclass. Doing so, three things are achieved; the reusability is increased when more abstract classes are used; maintenance is simplified since code does not have to be repeated and by arranging the model library in a tree structure it becomes more legible and easier to use.
A model can be a complex model, which is composed of aubmodels, or a basic component, which is so simple that no further decomposition is possible or necessary. The behaviour of a component is described by algebraic and differential equations. OMOLA also supports discrete-event handling and difference equations. The use of discrete events is in fact crucial for efficient simulations using some of the friction models in this paper.
The Control Loop
This section gives a brief description of the parts of the control loop and some examples as to how they have been modelled. The mixing pipe is described in a simplified way as instantaneous mixing at the diluting point together with a transport delay. For perfect mixing, the steadystake equation of the fibre concentration is simple, Cwut = CinQin/(Qin + Q W u a t e r ) , where C is the fibre concentration and Q is the volume flow rate of pulp and water respectively. In the model developed, Cin and &in are considered constant. The dynamics of the mixing pipe is attributed to the concentration sensor, platced in a small chamber in the side wall of the pipe.
The sensor has been modelled as a first-order lag with a time delay, which includes the transport delay of the tion.
Concentration fluctuations during opera-
pulp flow through the mixing pipe. The terminal volume has here been neglected compared to the line volume. The parameters are where L is line length, rj is the viscosity of air at temperature T, n is the polytropic exponent, M is the molar mass and R is the universal gas constant, po is the mean pressure and A is cross-section area.
This transfer function has also been implemented in the model of the controller.
The control valve is the most complex unit and the key part in explaining the limit cycle behaviour of the control loop. It consists of the pneumatic positioner and actuator which are mounted on the valve and used as a power servo to control the position of the valve. The important dynamics of the system are those of the positioner and actuator and therefore these parts are described individually.
The positioner is a nonlinear control device controlling the flow of compressed air into and out of the cylinder chambers of the actuator. The flow is a nonlinear function of the position error and since the chamber pressures are roughly the integral of the flow the positioner-actuator will act as an integrating controller. The heart of the construction is the pilot valve with spool in Figure 3 . The spool is moved by a lever, which at equilibrium is kept in the center position by a balance between the control pressure and a feedback force from the position of the actuator and valve. The pilot valve has variable structure since only two of the four possible passages through it will be active at the same time. Each air flow passage is seen as an orifice, a restriction of air flow, with variable area. The opening area of the orifice is a function of spool position. This function is essential to calculate the flow through the orifices. An expression of the true flow area is difficult to derive because of the complex geometry. Instead an approximation has been made interpolating between small and large spool displacements.
The flow equation used at the orifices is the ideal gas equation for mass flow [I] , where A , is the effective cross-section area and y is the ratio of specific heats. Under certain assumptions pl and pz are interpreted as the upstream and downstream pressure respectively and TI as upstream absolute temperature. This makes the relation practically useful for flow calculations at restrictions. As it stands it is valid for calculations of subsonic flow. When the ratio between pz and p l falls below a critical pressure ratio the flow becomes sonic. The pressure ratio in the flow equation is then replaced by this constant ratio and the flow will only depend on p l .
The actuator is double-acting, with pressure on both sides of the piston. A common assumption made to calculate the expansion of air in the cylinder chambers is that it follows the polytropic equation
The polytropic exponent n can be chosen between n = 1 for isothermal expansion and n = y = 1.4 for adiabatic expansion. Since the thermal energy content of air is low compared to that of the cylinder and piston, it is reasonable to assume that the cylinder remains at constant temperature. Only isothermal expansion is used throughout the simulations since charging and discharging is slow.
actuator chambers exhaust 
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There is friction present valve, but since the actu coupled, the friction of is used to account for t A major drawback of this model is that it is not specified when switching between the two modes should be done and how a should be chosen when sticking begins.
Simulations
In order to study the effects of friction on the performance of the control loop simulations have been made in the OMSIM simulation environment [2] .
The integration method used is specified by the [3] . The Stribeck velocity of the extended Dahl and Seven parameter models is chosen as vs = 2 . m/s and TL as 0.02s.
Influence of Different Friction Models
The simulations of the control loop are made using the different friction models and the parameter values above if no other value is specified. The simulations will make it possible to make comparisons of the friction models and study the effects of different frictional phenomena on the performance of the control loop. The behaviour can then be compared with the recorded data in Figure 2 . to be smooth. When the Stribeck velocity is very high, V S 2 0.05m/s, the smoothing effect will cause a behaviour similar to that in Figure5. In that case the velocity of the actuator piston never exceeds the Stribeck velocity.
The extended Dahl model with a large spring constant is a stiff problem and can be difficult to handle for the simulator. There are however integration methods for stiff problems available which can be used since the extended Dahl model does not require an:y event handling. From the plot of &he friction force in Figure7 it is not hard to see why this model is laborious to use in simulations. During a slipping period the model will1 produce several hundred events a few microseconlds apart. This will slow down the simulation enormously. There is also a problem when motion stops. The spring-like bristles will generate undamped oscillations in the friction force unless the bristle positions are chosen to make the sum of bristle forces equal the driving force. This makes it necessary to have the driving force, U , as an input to the friction model, as was the case with the classical friction model.
The
The S e v e n p a r a m e t e r model gives a surprisingly regular result in the simulation shown in Figure 8 . It looks like the system approaches a stable limit cycle. Besides this the differences from the previous simulations are small. as x = u / K c otherwise there will be undamped oscillations in the friction force. Thus this model too requires knowledge of the driving force, U. Also, the use of a time delay, TL, makes the system difficult to simulate. In OMSIM, the delay function interpolates between values stored for plotting. To be able to catch the velocity peaks when the position changes quickly the plotting interval has to be smaller than 7~/ 2 = 0.01s. Since the DAE-solver stops at every plotting interval the simulation will be very inefficient. The simulation in Figure8 took four hours to perform on a SUN SPARCstation 2. This is more than fifteen times slower than the classical model.
Influence of Process Gain
As stated in Section 3 the process gain is about three times. This is a rather uncertain figure since it is taken from an identification experiment on an industrial application. To see how the gain affects the observed concentration fluctuations, simulations were made with the extended Dahl model and 60% higher process gain. The Stribeck velocity was V S = 0.005m/s. In Figure 9 it can be seen that the amplitude increases more than 100% and the fluctuations are also more irregular and of higher frequency. Except for noise the behaviour is very similar to the observed behaviour of Figure2, both in amplitude, frequency as well as in the irregularity of the fluctuations.
ThLe model is not at all suited for simulation. The switching between the two modes, sticking and sliding, is not specified in [3] . The model in sticking is an undamped spring. The displacement must be chosen
The process gain is high mainly because the control valve is much larger than necessary. If a smaller valve which could operate at 50% valve opening was used the gain would decrease with 60-80%. The controller in the loop also has to be changed to allow for small concentration errors without increasing the control signal.
. Conclusions
This paper has described the modelling of a concentration control loop in a paper mill. The major effort was made to model the nonlinear behaviour of the pneumatic positioner-actuator. A library of several friction models has also been developed. The models have been developed using OMOLA, an objectoriented modelling language. The friction models have been used in combination with the control loop model in simulations to study the effects of friction on the control loop behaviour. The simulations have been made in the OMSIM working environment and
show that the observed behaviour of the control loop with large variations in concentration can be reproduced by the model. It is noteworthy that friction alone can cause this behaviour. A common opinion in the industry is that back ate the observed oscillati friction model with on1
oscillating behaviour.
The effect of the proce the control loop has a gain caused by using valve openings is one positioner and PIthe control proble concentration error.
The friction mod for simulation. The classical friction model in its original formulation is difficult to use. However, an
Bristle and the Seven par simulation times required
